Introduction
Questions raised by the existence of two forms of monoamine oxidase (MAO) with overlapping distribution, substrate specificities and inhibitor sensitivities has fascinated pharmacologists and biochemists for several decades (for recent reviews, see [l-31) . It is now known that the flavin sites are identical [4] and, indeed, that the two enzymes show 71% sequence homology [2] . The differences must lie in the substrate binding site, but they affect not just the substrate specificity but also the kinetics of the oxidation process.
Early steady-state kinetic studies using a wide variety of substrates and both purified and crude (membrane bound) preparations of the enzyme obtained double reciprocal plots with the parallelline pattern indicating a ping-pong (double displacement) mechanism (e.g. tion of the two mechanisms by steady-state kinetics is very difficult. Inhibitors which bind to both the oxidized and reduced forms of the enzyme (e.g. u-amphetamine) should yield non-competitive kinetics in the ping-pong mechanism but, again, a low K, for the second substrate can result in very low concentrations of free reduced enzyme and the inhibition can appear to be competitive with the first substrate.
To resolve the question, we have extended earlier stopped-flow work [lo] to study the halfreactions of both the A and B forms and have exploited the first stable product known for these enzymes. The normal product of the oxidation of an amine is the imine which is rapidly hydrolysed to an aldehyde, probably after its release from the enzyme [ 1 11. However, the unexpected observation that MAOs catalyse the two step oxidation of the ternary amine, MPTP, to the quaternary amines, MPDP+ and MPP+ [12, 131, provided 
MAO-B

Steady-state kinetics
Using purified preparations, parallel double plots were obtained for MAO-B (from beef liver) oxidizing benzylamine or phenylethylamine or their dideutero derivatives [lo] at several 0, concentrations [lo] . The K,,, for 0, was 0.28 mM when benzylamine was the first substrate but 2.8 mM with P-phenylethylamine [ 101. The dideuterated analogues gave similar K , values both for the amine and for 0, as did the parent com-pounds. However, the isotope effect on V,,, was 6.7
for benzylamine, indicating that the dehydrogenation step is rate-limiting. In contrast, deuterium substitution on 8-phenylethylamine had no effect, suggesting that the reductive step is not ratelimiting. Thus, with benzylamine, most of the B enzyme is in the oxidized form in the steady state (as will be the A enzyme with either substrate), whereas with 8-phenylethylamine most of the enzyme is in the reduced state [ 101.
Inhibition patterns are often used to distinguish mechanisms. D-Amphetamine, an inhibitor of both types of MAO, can form dead-end complexes with both oxidized and reduced enzyme, but not with the enzyme-substrate (or product) complex, since it binds at the substrate site [16]. In double reciprocal plots a mixed pattern of inhibition is obtained for MAO-B oxidizing B-phenylethylamine, which is consistent with a ping-pong mechanism. With benzylamine, the pattern is competitive, indicating that the reduced form of the enzyme is not available for binding amphetamine [ 161. These experiments confirmed the conclusion [ 101 that different mechanisms predominate for the oxidation of these two substrates by MAO-B. It has been noted, however, that an increase in oxygen concentration changes the kinetic pattern of inhibition of phenylethylamine deamination by tricyclic antidepressants from mixed to close to competitive, indicating the alternate pathways suggested later [ 171 (Fig. 1) . Reoxidation of O2 of MAO-B which had been reduced by a slight excess of substrate was apparently second-order, indicating that any reduced enzyme-0, complex formed must decay faster than it is formed. The apparent first-order rate constant at air saturation (1.6 s-') was much less than the steady state turnover number with benzylamine (8.8 s-') or MPTP (3.3 s-'), but when excess substrate was added to the reduced enzyme before reoxidation, the apparent first-order rate constant was increased 4-5-fold (see Table 1 ) to the same value as the turnover number for benzylamine. These data re-emphasized the importance of the ternary complex of reduced enzyme-substratel product-0, in the kinetic mechanism of MAO-B. With MPTP and MPDP+, the reductive half reaction is clearly rate-limiting. With benzylamine, the numerical similarity of the steady-state turnover number, the rate constant for the reductive half reaction, and the apparent rate of reoxidation suggest that the overall rate is determined by a complex function of both the reductive and oxidative half reactions. Because the second-order rate constants increase with increasing substrate concentration
Stoppcd-pOw expcrimcnts
[17], the dissociation constants of the E,-S complexes must be large for MPTP and benzylamine ( > 2 m). However, the rate of reoxidation is independent of the concentration of the MPDP+ used
[17]. The K , for the reduced MAO-B-MPDP+ complex is estimated to be < 20 p~. With 1 mwkynuramine, the slope is different, suggesting that at high concentrations kynuramine forms a different complex with the enzyme.
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Isotope effects were studied using the dideutero analogues of benzylamine or p-phenylethylamine [ 151. Although these are generally considered 'B substrates, they are also well oxidized by MAO-A. Isotope effects on V,,,,, of about 5 were found for both substrates, indicating that, unlike the B enzyme, the reductive step is rate limiting for /3-phenylethylamine, as well, as for benzylamine. As a result, most of the A enzyme will be in the oxidized form in the steady state.
Inhibition studies are illustrated in Fig. 2 . For MAO-A, either in the purified preparation or in brain mitochondria, only competitive patterns are obtained for all substrates tested (kynuramine, tyramine, tryptamine and 5-hydroxytryptamine), which indicates that no free reduced enzyme is available for amphetamine binding and suggesting a ternary complex mechanism, as for MAO-R with benz ylamine.
Stopped-flow experiments
The rate constants for the reduction of MAO-A obtained by the same analysis as used for the B Fig. 2 Lineweaver-Burk plots for the inhibition of kynuramine oxidation by o-amphetamine
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The oxidation of kynuramine was measured spectrophotometrically at 316 nm and 30°C in 50 mM-sodium phosphate containing 0.2% (vh) Triton X-I00 and 6 pg MAO-A. The o-amphetamine concentrations were: 0, none; 0 , 10 p~; 0,20 p~; . , 40 p~; and A , 60 p~. To study the oxidative half reaction it was necessary to obtain reduced enzyme free of substrate or product. Dithionite reduction yielded only the radical form of MAO-A, so we turned to a novel method developed by Massey [ 181. Electrons from the oxidation of xanthine to urate catalysed by xanthine oxidase are transferred to methyl viologen in the absence of O,, which in turn reduces MAO-A first to the radical and then to the fully reduced form. Reoxidation of this reduced MAO-A by O2 is a bimolecular process but, in contrast to the B enzyme, the rate of reoxidation is not significantly affected by the presence of excess substrate (0.5 mM-kynuramine, 1 mM-MPTP) or of low concentrations of product (50 ~M-MPDP') in the oxygen buffer [ 141. However, when the ligand is prem,ixed with the enzyme, considerable enhancement of the rate of reoxidation is observed (Table l), suggesting that a ternary complex with substrate (S-E,-0,) is formed and that it reoxidizes faster than does the free enzyme, just like the B form. The product, MPP+, instead of increasing the rate of reoxidation strongly inhibits the reoxidation of substratereduced MAO-A. In other words, the reduced enzyme-product complex is reoxidized slowly, if at all.
When amphetamine was added to MAO-A reduced by a 2-fold excess of kynuramine, reoxidation was completely inhibited. As with other ligands, if amphetamine is mixed with the oxygen buffer no effect on reoxidation is observed. Thus, amphetamine does indeed bind to the reduced enzyme. The paradox of why amphetamine cannot bind to the reduced A enzyme in the steady-state might be explained by the extremely low K , for O2 (6 PM), so that saturating concentrations of 0, are always present under the experimental conditions used and also in vim. Either O2 binds before the product dissociates or the rate of amphetamine binding is much slower than the reoxidation. Failure of all ligands (substrate, product or inhibitor) to increase the reoxidation when mixed with the enzyme at the same time as 0, indicates that the rate of ligand binding is much slower than the rate of binding of 0 2 .
Conclusions
We have proposed the mechanism in Fig. 1 as a general picture of the pathways operating in the oxidation of amines by MAO-B. The mechanism is not exclusively binary or ternary. Rather, the mechanism for a given substrate is determined by competition between the three alternative pathways shown in Fig. 1 . The reductive half reaction is the same for all substrates, although k, can vary by up to three orders of magnitude (Table 1 ). The oxidative half reaction can involve ER-02, P-E,-02 or S-E,-02 depending on the relative rate constants of the reoxidation of each of these species and on their relative dissociation constants. The reduction of MAO-B by B-phenylethylamine is far more rapid than turnover, which is limited by the reoxidation step. The product presumably dissociates rapidly, and the oxidation of free reduced enzyme is the only pathway. For benzylamine, k, for the ERS complex is five times greater than for the free enzyme, so that this pathway will predominate.
With MPTP, the reductive step is rate-limiting, so that very little reduced enzyme will build up during turnover. The low dissociation constants for the product MPDP+ ( < 20 PM) and for MPTP (37 p~) suggest that the ternary complex species will predominate. The K,, values are comparable to the concentrations of MPTP found in vivo, so that, even in the cell, the rapid reoxidation of reduced MAO-B may proceed via the ternary product-enzyme-0, complex.
The rate of reoxidation of reduced MAO-A premixed anaerobically with the ligands is enhanced by substrates but not by the product Volume 19
